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ABSTRACT: Highly water-stable nanoparticles of around 70 nm and capable of distributing with high uptake in certain organs
of mice were developed from feather keratin. Nanoparticles could provide novel veterinary diagnostics and therapeutics to boost
efficiency in identification and treatment of livestock diseases to improve protein supply and ensure safety and quality of food.
Nanoparticles could penetrate easily into cells and small capillaries, surpass detection of the immune system, and reach targeted
organs because of their nanoscale sizes. Proteins with positive and negative charges and hydrophobic domains enable loading of
various types of drugs and, hence, are advantageous over synthetic polymers and carbohydrates for drug delivery. In this research,
the highly cross-linked keratin was processed into nanoparticles with diameters of 70 nm under mild conditions. Keratin
nanoparticles were found supportive to cell growth via an in vitro study and highly stable after stored in physiological
environments for up to 7 days. At 4 days after injection, up to 18% of the cells in kidneys and 4% of the cells in liver of mice were
penetrated by the keratin nanoparticles.
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■ INTRODUCTION
Livestock is the major resource to supply protein in the human
diet and contributes to an important portion of the global
economy. Diseases are major setbacks in livestock production
and necessitate improvement from the traditional methods of
diagnosis and therapeutic approaches. Nanoparticles provide
novel veterinary diagnostics and therapeutics to boost the
efficiency in identification and treatment of diseases to reduce
loss of animals and improve protein supply and food security.
Nanoparticles have received considerable attention in
controlled and sustained drug delivery and many other medical
applications. In comparison to microsphere vehicles, nano-
particles possess advantages of having smaller diameters, larger
surface area, and better capability to penetrate into cells.
Besides, nanoparticles are preferred for treating tumors because
they tend to accumulate in tumors because of the “enhanced
permeation and retention” effect.1 Nanoparticles could be
prepared from both organic and inorganic materials. Functional
inorganic nanoparticulate delivery systems, such as titania
nanoparticles,2−4 have been developed as a drug delivery
system and wound-healing applications in biomedical areas.
However, natural biopolymers have attracted increasing
attention as nanoparticulate drug delivery vehicles,5 because
of their biocompatibility and large availability. With inherent
biodegradability, natural biopolymers do not accumulate in
organs like non-biodegradable materials, such as carbon
nanotubes6 or metal nanoparticles.7
Among natural polymers, proteins could be preferred in drug
loading and sustainable and targeted drug delivery because of
their structural characteristics. Proteins could carry positive or
negative charges at pH values below or above their isoelectric
points, respectively, and, thus, could facilitate loading of drugs
with different charges. Moreover, proteins had hydrophobic
domains in their molecular structures and, hence, could attract
hydrophobic therapeutics, such as water-insoluble drugs. Thus
far, proteins, such as casein,8,9 lactoglobulin,10 gelatin,11 and
zein,12 have been fabricated into nanoparticles for drug
delivery.13
However, proteins currently studied for medical applications
had poor stability under aqueous environments. Physical and
chemical modifications were two commonly used approaches to
improve water stability of protein nanoparticles. For example,
water stability of zein nanoparticles was improved after physical
incorporation of charged macromolecule sodium caseinate.14
Gelatin nanoparticles needed to be chemically cross-linked for
controlled release of therapeutics or DNA.15 However, the two
cross-linking methods had their own disadvantages in
applications. Physical cross-linking might be easily disturbed
by ions and pH in the aqueous environments,16 while chemical
cross-linking might have the issues of toxicity of remaining
cross-linkers17 or low cross-linking efficiency of nontoxic cross-
linkers.18 To avoid the problems associated with cross-linking,
using an intrinsically water-stable protein could be an
alternative.19,20
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Keratin, the major protein in poultry feathers, hairs, and
horns of animals, was water-stable and biocompatible and could
be a promising biomaterial for medical applications. Keratin has
molecular structures similar to collagen, the prominent protein
in native extracellular matrices (ECMs). Furthermore, tripep-
tides “Arg-Gly-Asp” (RGD) and “Leu-Asp-Val” (LDV) existing
in keratin molecules could bind with cell surface ligands and
promote cell adhesion on keratin-based materials.21 In addition,
because of the highly cross-linked molecular structures
attributed to the 7% cysteine in the amino acid components,21
keratin might not suffer from poor water stability, the
prominent problem that restricted biomedical applications of
many proteins.
Because of its intrinsic water stability, keratin is advantageous
over other proteins as nanoparticles. As a satisfactory
biomaterial,22 keratin was used to coat silver nanoparticles to
improve their water stability.23 Keratin has been fabricated into
microparticles24 and nanoparticles with polyethylene glycol
grafting or using toxic solvent.25 A better method should be
developed, and the biodistribution should be investigated for
drug delivery purposes.
■ MATERIALS AND METHODS
Materials. Chicken feather barbs were provided by Featherfiber
Corporation, Nixa, MO. Sodium bisulfite (98.0%), sodium hydroxide,
hydrochloric acid, and ethylene glycol were purchased from
AMRESCO LLC, Solon, OH. Purity of chemicals was considered in
all of the calculations of concentrations.
Preparation of Nanoparticles. Chicken feathers were washed
with reflux of ethanol in a Soxhlet extractor for 12 h to remove lipid
and other impurities, followed by rinsing in distilled water 3 times to
remove water-soluble impurities. After drying under 50 °C, the cleaned
chicken feathers were hydrolyzed using 0.1 M sodium hydroxide at a
ratio of 15:1 with sodium bisulfite (30% on weight of feathers) for 2 h
at 80 °C. Hydrochloric acid was added to precipitate hydrolyzed
feather keratin. The dispersion was centrifuged at 8000 rcf for 20 min,
and subsequently, the obtained precipitated keratin was washed using
distilled water 3 times. The feather keratin was dried under 50 °C and
pulverized into powder.
To prepare nanoparticles, the obtained keratin powder was
dissolved in ethylene glycol at designated concentrations (1, 2, 3, 4,
5, 10, and 20%, w/w) under room temperature. To precipitate keratin
microparticles, ethylene glycol solution of keratin was added to
distilled water with a weight ratio of keratin/water at 1:500. To further
break the keratin microparticles into nanoparticles, 30 min of
ultrasonication was applied using an ultrasonic processor (VCX
500:500 W, Sonics & Materials, Newton, CT) with an amplitude of
vibration at 40%. At last, the dispersion of keratin nanoparticles were
dialyzed (molecular weight cutoff of 7000) against distilled water for 4
days to remove ethylene glycol. The concentration of the keratin
nanoparticles was adjusted via evaporation under reduced pressure.
Size Measurement via Dynamic Light Scattering. The sizes
and ζ potential of keratin nanoparticles were measured on a Delsa
Nano C particle analyzer (Beckman Coulter, Inc., Brea, CA) at least 1
h after particle formation. Sodium hydroxide and hydrochloric acid
were used to adjust pH values of the dispersion to study the effects of
pH on the size and surface charge of keratin nanoparticles. At least
three measurements from separate samples were performed for each
condition, and the average and standard deviation of the data are
reported.
Transmission Electron Microscopy (TEM). Nanoparticle dis-
persion was placed on the copper mesh, dried, and then observed
under a transmission electron microscope (Hitachi H7500 trans-
mission electron microscope, Hitachi, Inc., Parlin, NJ).
Crystallinity Analysis. An X-ray diffraction (XRD) study was
carried out on raw chicken feathers and freeze-dried keratin
nanoparticles. The data were obtained using a Rigaku SmartLab X-
ray diffractometer with Bragg−Brentano parafocusing geometry, a
diffracted beam monochromator, and a conventional copper target X-
ray tube set (λ = 1.54 Å) to 40 kV and 44 mA at 26 °C. Diffraction
intensities were recorded with 2θ ranging from 3° to 40° at a scan
speed of 0.02°/s.
Stability of the Nanoparticles. To evaluate the dimensional
stability, physiological conditions of pH 7 and 37 °C and pH 6 and 37
°C and storage conditions of pH 2 and 4 °C were used to store the
keratin nanoparticle dispersion with a concentration of 1 wt %. At
designated time points, sizes of keratin nanoparticles were measured in
the particle size analyzer. Three samples were measured for each
condition to obtain average and standard deviation.
In Vitro Study. To evaluate the biocompatibility, dispersion of
keratin nanoparticles (10% on weight of the medium) was added to
Dulbecco’s modified low-glucose Eagle’s medium (DMEM, Sigma-
Aldrich, St. Louis, MO). NIH 3T3 mouse fibroblast cells (ATCC
CRL-1658, Manassas, VA) with a seeding density of 1 × 105 cells/mL
were cultured in humidified 5% CO2 at 37 °C for 5 days. After every
24 h, the metabolic activity of the cells were analyzed using the MTS
assay (Promega, Madison, WI) according to standard procedures with
a multi-well plate Multiskan reader (Thermo Scientific, Waltham,
MA). To prepare control samples, aliquots of distilled water with the
same volume of keratin nanoparticle dispersion were added to the cell
culture medium. For each data point, 6−9 replication experiments
were conducted. Cells cultured in DMEM without keratin nano-
particles were used as a control.
In Vivo Study. Biodistribution of keratin nanoparticles in mice was
studied. The nanoparticles were first labeled with fluorescein
isothiocyanate (FITC, Sigma-Aldrich, St. Louis, MO) in dimethyl
sulfoxide (DMSO) with the addition of pH 9.5 carbonate−bicarbonate
buffer in the dark. Free FITC was removed after dialyzed against
distilled water for 4 days. The concentration of the FITC−keratin
dispersion was readjusted to 100 mg/mL via evaporation under
reduced pressure.
Mice were injected intravenously with 0.17 mL of dispersion of
keratin nanoparticles (1%, w/w) every 24 h for up to 5 days. The mice
were sequentially sacrificed 24 h after injection for up to 5 days. Mice
sacrificed after the first 24 h had one injection of the nanoparticles;
mice sacrificed after 48 h had two injections; etc. At the required time,
mice were euthanized using CO2 to collect the major organs, including
liver, kidney, spleen, heart, and lungs. Organs stored in RPMI solution
at 4 °C were analyzed in 5 h after collection. All experiments were
carried out according to the Institutional Animal Care and Use
Committee (IACUC)-approved protocol, and two mice were
sacrificed for each time point.
The organ tissues were minced using a 70 μm cell strainer (Falcon,
Tewksbury, MA) to obtain single-cell suspension in RPMI solution.
For each organ, an aliquot of 500 μL of cell suspension was measured
on the flow cytometer (BD Accuri, Franklin Lakes, NJ). The
population of single cells was defined in a plot of 90° side scattering
(SSC) versus forward scattering (FSC), and the percentage of
nanoparticle-loaded cells was counted by measuring the fluorescence
signal in the green fluorescence channel (FL1).
Statistical Analysis. All of the data obtained were analyzed by the
one-way analysis of variance with the Scheffe ́ test with a confidence
interval of 95%. For characterizations of keratin nanoparticles, at least
four specimens were measured or analyzed for each sample under one
treatment. A statistically significant difference was indicated with a p
value smaller than 0.05. The data in the figures labeled with different
numbers or characters indicated significant differences among different
conditions.
■ RESULTS AND DISCUSSION
Characterizations of Keratin Nanoparticles. Morphol-
ogies of the nanoparticles were shown in the TEM image in
Figure 1. The dark shade indicated that the particles had solid
structures. The particle sizes varied from around 50 to 130 nm.
The sizes of keratin nanoparticles made them not easily being
immediately filtered via kidney, because it has been reported
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that nanoparticles with diameters smaller than 5.5 nm could be
completely removed from the blood and then body.26
Figure 2 shows that the particle sizes obtained from particle
analyzer measurement did not change significantly as the
keratin concentration increased from 1 to 5% and then
increased significantly from less than 100 nm to larger than
350 nm. The average diameter of 70 nm measured using the
particle size analyzer was consistent with the results of TEM
observation, as shown in Figure 1. A lower concentration of
keratin resulted in less polypeptides that could wrap on keratin
nanoparticles to increase the particle size. However, agglom-
eration tended to occur while the keratin concentration
increased.
Figure 3 demonstrates that the hydrolyzed keratin had an
isoelectric point (PI) of around 4.4 and a strong net surface
charge at high or low pH values. ζ potential of keratin
nanoparticles could increase to higher than 50 mV at pH below
3. A negative charge was shown on the keratin particles at pH
values above 6.0, and the ζ potential decreased to −60 mV
when pH was around 10. The range of surface charge variation
reached 120 mV (from 60 to −60 mV) as pH varied from 2.0
to 12.0. The net charge on keratin nanoparticles was much
higher than nanoparticles from other proteins, indicating higher
potential for keratin to attract adsorbates with opposite
charges.27 Therefore, keratin nanoparticles may serve as good
adsorbents to both positively or negatively charged substances.
Figure 4 shows the wide-angle XRD profiles of raw chicken
feathers and dry keratin nanoparticles. For both samples, a
prominent 2θ peak at 20° and a minor peak at 9° indicated a
typical diffraction pattern of α-keratin with crystalline spacings
of 4.4 and 9.8 Å, respectively. The proportion of the 2θ peak at
20° increased and that of 2θ peaks at 9° decreased after
dissolution and precipitation of keratin, inferring that raw
feathers had a larger amount of more tightly packed crystals
than regenerated keratin nanoparticles. A certain degree of
damage might occur to the original molecular structures during
preparation of nanoparticles.
Stability of Keratin Nanoparticles. Figure 5 shows that
the sizes of keratin nanoparticles increased from 75 to 130 nm
as pH increased from 2 to 5 and then decreased from 130 nm
Figure 1. Morphologies of keratin nanoparticles in a TEM image
showing the diameters from 50 to 130 nm and solid structures.
Figure 2. Effect of keratin/ethylene glycol ratio on the particle sizes of
keratin nanoparticles. Keratin was dissolved in ethylene glycol at
concentrations of 1, 2, 3, 4, 5, 10, and 20% based on the weight of
ethylene glycol.
Figure 3. ζ potential of keratin nanoparticles. Sodium hydroxide
solution and hydrochloric acid solution were used to adjust pH values
of the keratin dispersion before ultrasonication. The nanoparticles
were stabilized for 1 h before measurement.
Figure 4. XRD spectrogram of keratin nanoparticles and raw feathers.
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to less than 85 nm as pH decreased from 5 to 8. The keratin
nanoparticles had large diameters at pH similar to pI, because
lower surface charge reduced electrical repulsion among
nanoparticles and, thus, induced aggregation of small nano-
particles into larger nanoparticles. However, under physio-
logical pH of 7.4 and storage pH of 2, keratin nanoparticles did
not show hydrodynamic diameters larger than 100 nm.
Figure 6 indicated that keratin nanoparticles increased in the
first 8 h and stabilized for up to 50 h when stored in phosphate-
buffered saline (PBS) medium. Keratin nanoparticles were
highly stable at pH 2 under 4 °C, moderately stable at pH 7
under 37 °C, but unstable at pH 6 under 37 °C. Instability of
the nanoparticles at a higher temperature should be due to the
higher mobility, and therefore, chances of collision between
particles could lead to agglomeration. Under the same
temperature, pH 6 was closer to pH 4.5 compared to pH 7,
suggesting weaker electrostatic repulsion among the keratin
nanoparticles, as indicated in Figure 2, and therefore, better
stability was seen at pH 7. However, even under high
temperatures at pH 6, the diameters of keratin nanoparticles
were still below 150 nm, indicating that the nanoparticles had
remarkable water stability. The intrinsically high cross-linking
degree of keratin might contribute to the water stability of the
keratin nanoparticles.27
In Vitro Study for Biocompatibility. The effects of keratin
nanoparticles on cell growth and proliferation in vitro are shown
in Figure 7. Cells in the culture medium containing keratin
nanoparticles showed continued proliferation of cells from day
1 to day 5, while the cells in culture medium without any
additional additives showed maximum population on days 2
and 3, followed with a decrease on days 4 and 5. Keratin
nanoparticles could hydrolyze into peptides and amino acids in
the culture medium that could act as a nutrient to support cell
growth, leading to higher proliferation.
In Vivo Study for Biodistribution. As shown in Figure 8,
keratin nanoparticles were predominantly found in the kidneys,
followed by liver and spleen in mice. The amount of
nanoparticles in kidneys was not affected by dosage, while
the amount of the nanoparticles in liver and spleen gradually
increased as the dosage increased. Nanoparticles with diameters
up to about 5.5 nm could be completely filtered by kidneys.28
Keratin nanoparticles had significantly larger average diameter
Figure 5. Effect of pH on the particle sizes of keratin nanoparticles.
Sodium hydroxide solution and hydrochloric acid solution were added
to the dispersion before ultrasonication to adjust pH values of the
keratin dispersion. The nanoparticles were stabilized for 1 h before
measurement.
Figure 6. Influence of pH and temperature on the sizes of the keratin
nanoparticles between 0 and 170 h. The diameters of keratin
nanoparticles increased rapidly during the first 10 h and became
stable at pH 2 under 4 °C and pH 7 under 37 °C.
Figure 7. Comparison of the optical densities of mouse fibroblast cells
with and without nanoparticles based on the MTS assay. The cells
were cultured at 37 °C for 5 days.
Figure 8. Comparison of the percentage of cells containing
nanoparticles detected in kidneys, liver, and spleen in mice using
flow cytometer after 1, 2, 3, and 4 days of injection. The uptake of
nanoparticles did not increase continuously in kidneys but increased
gradually in liver and spleen.
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and were probably trapped in the kidneys before they were
degraded into diameters smaller than 5.5 nm. The undegraded
particles are removed via hepatic clearance through liver, which
clears nanoparticles in the range of 10−20 nm.29 Therefore,
considerable amounts of nanoparticles were also found in the
liver. Fewer nanoparticles could reach the spleen after being
accumulated or filtered in the kidneys and liver. Successive
injections were made every 24 h to ensure that sufficient
nanoparticles were available to reach the targeted organs. After
multiple injections, the amount of nanoparticles did not change
significantly in kidneys. However, the quantity of nanoparticles
slightly increased in liver and spleen in 2 days but also leveled
off at the third and fourth days. The phenomenon suggested
that the keratin nanoparticles could effectively degrade in the
body. Keratin nanoparticles could be effective drug delivery
vehicles to target kidney and liver for sustained release.
Cross-linking degrees of proteins might markedly affect the
biodistribution of nanoparticles in different organs. Nano-
particles from highly cross-linked keratin with 7% cysteine30
showed a similarly high content of accumulation in kidneys
compared to those from other highly cross-linked protein, such
as wheat glutenin.31 However, nanoparticles from zein with a
trace content of cysteine among its amino acids32 were mainly
found in liver.33 In nature, keratin is a protein that takes a
considerably long time to degrade because of the cross-linked
structure. Even with partially destroyed physical structures, as
indicated by the XRD results in Figure 4, the remaining cross-
linkage still might render the keratin nanoparticles stable at
physiological pH, as shown in Figure 6. It could be inferred that
the cross-linking degree of proteins might have major effects on
the water stability and enzymatic degradation rate of nano-
particles in physiological environments and, thus, might
influence the biodistribution of protein nanoparticles.
In this research, the highly cross-linked keratin was
developed into nanoparticles at around 70 nm via a phase
separation and ultrasonication method. The influence of
conditions, such as ratios of keratin/ethylene glycol and pH
of dispersion on the particle sizes, was investigated. The
isoelectric point of keratin was around pH 4.4. The keratin
nanoparticles were highly stable after stored in physiological pH
of 7 and storage condition of pH 2. The in vitro study indicated
that keratin nanoparticles supported the attachment and
proliferation of fibroblast cells. After injection into mice, it
was found that up to 18% of the cells in kidneys and 4% of the
cells in liver of mice were penetrated by the keratin
nanoparticles. In summary, keratin nanoparticles could be
potential vehicles for efficient drug delivery in treatments of
livestock diseases.
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